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Abstract
In recent years, it has been demonstrated that direct microjet injection into the shear
layer of the main jet disrupts the feedback loop inherent in high speed impinging jet
flows, thereby significantly reduces the adverse effects. The amount of noise reduced
by microjet actuation is known to be dependent on nozzle operating conditions. In
this paper, two active control strategies using microjets are suggested to maintain
a uniform, reliable, and optimal reduction of these tones over the entire range of
operating conditions.
In the first method, a quasi-closed loop control strategy is proposed using steady
microjet injection and the Proper Orthogonal Decomposition (POD) algorithm. The
most energetic spatial mode of the unsteady pressure along the nozzle diameter is
captured using the POD, which in turn is used to determine the distribution of mi-
crojet intensity along the nozzle exit. Preliminary experimental results from a STOVL
supersonic jet facility at Mach 1.5 show that the quasi-closed loop control strategy,
in some cases, provides an additional 8,10 dB reduction compared to axisymmetric
injection at the desired operating conditions. The second method consists of a pulsed
microjet injection, motivated by the need to further improve the noise suppression. It
was observed that the pulsed microjet was able to bring about the same noise reduc-
tion as steady injection using approximately 40% of the corresponding mass flow rate
of the steady microjet case. Moreover, as the duty cycle increased, the performance
of pulsed injection was further enhanced and was observed to completely eliminate
the impinging tones at all operating conditions.
In order to obtain an optimal performance of the actuator, a new model of the
impinging jet flow field is suggested based on a collision model of two identical vortices.
In addition to the colliding vortex model, a two-mode feedback model that captures
both the low and high-frequency Rossiter mode was suggested to investigate the role
of pulsed microjet in the feedback loop. Due to the fact that a low frequency pulsing
(16.4 Hz) brought about additional reduction compared to high frequency pulsing, the
presence of low frequency mode is identified. In the context of the analytic model,
the effect of pulsing is modeled using a input-shaping controller that accomplishes
noise-reduction through a suitable redistribution of the acoustic excitation over the
high and low frequencies.
Thesis Supervisor: Anuradha M. Annaswamy
Title: Senior Research Scientist
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Chapter 1
Introduction
For many years, flow control has been an important research topic in needs of many
industrial applications such as aerospace, automobile and energy. Stimulated by mil-
itary needs, during the second World War, flow control techniques were investigated
to make it possible to develop highly maneuverable and efficient aircraft, missile, ship
and submarine. More recently, the energy crisis and severe environmental restriction
also accelerated flow control schemes to enhance fuel efficiency, and improve noise
reduction.
In order to achieve performance objectives such as drag reduction, separation
control, noise control, and thrust recovery, several flow control methods have been
proposed over the past twenty years [18]. Since drag is the key ingredient of thrust loss,
drag reduction is the primary method for increasing energy efficiency. In general, drag
is composed of two major components, pressure drag and surface drag. Various kind of
eddy breakup devices such as riblets, compliant surfaces, wavy walls were introduced
to recover pressure drag [7, 9, 27]. It is also possible to produce additional thrust
recovery by delaying laminar-to-turbulence transition point because the skin friction
in laminar state is as much less than that in the turbulent condition [44, 45, 15]. On
the other hand, because turbulence is very effective in mixing and enhancing heat
transfer, early transition is also needed when rapid mixing and effective heat transfer
is required [35]. Control of separation in external flows, such as over airfoils, can lead
to substantial gains in lift, increase lift-to-drag ratios, decrease buffeting andor delay
stall, all of which enhance the system performance, while also potentially expanding
the operation envelope of future. Using various actuators such as piezoelectric flaps
actuator[38], acoustic excitation[57] and periodic tangential blowing, the boundary
layer of airfoil can be forced to stay on the surface and ensure stable maneuvering[18].
Aside from performance efficiency, flow induced noise is regarded as one of the major
problems in flow control. Compared to others, noise control is relatively young field
of research. Needs to maintain stealth, overall quiet, and the associated performance
metrics of reduced unsteadiness have spurred intense investigations in the flow noise
control area. Flow induced noise study was firmly established using a very powerful
theory by Lighthill[29], and enriched by aircraft jet noise studies. This thesis concerns
a specific problem in the area of jet noise control.
In general, aircraft jet noise is produced by two noise sources; the large turbu-
lence structures waves and the fine-scale turbulence. In the case of the Short Take
off and Vertical Landing aircraft, it experiences additional discrete and high ampli-
tude acoustic tones that are produced via a feedback process while hovering in close
proximity to the ground. These feedback interactions occur thus: Instability waves
are generated by the acoustic excitation of the shear layer near the nozzle exit, which
then convect down and evolve into spatially coherent structures. Upon impinging on
the ground, these structures generate acoustic waves, which in turn excite the shear
layer at the nozzle exit, thereby closing the feedback loop (see Fig. B-1 and [2, 28]).
The high amplitude impingement tones are undesirable not only due to the associated
high ambient noise, but also due to the accompanied unsteady pressure loads on the
ground plane and the nearby surfaces. While the high noise levels can lead to struc-
tural fatigue of the aircraft surfaces in the vicinity of the nozzles, the dynamic loads
on the impingement surface can lead to an increased erosion of the landing surface as
well as a dramatic lift loss during hover.
In an effort to reduce or eliminate these tones, several passive [16, 20, 40] and
active control methods [2, 51, 52] have been attempted over the years to modify
the feedback loop. Of these, the technique in [2] appears most promising from the
point of view of efficiency, flexibility, and robustness. The method in [2] introduces
microjets along the periphery of the nozzle exit which modify the shear layer at its
most receptive location thereby efficiently attenuating the impingement tones. Due to
their small size, these microjets can be optimally distributed along the circumference
and can also be introduced on-demand.
In [2], the microjets were injected with a steady-flow along the nozzle periphery,
with the value maintained at a constant, independent of the impinging flow-field. This
open-loop control strategy led, at certain heights, to the distinct tones either getting
diminished or completely removed. There was an overall decline in the unsteadiness
of the flow as well. Fig. B-2 shows the OASPL plot for different heights condition
obtained using a 200 microjet injection with respect to the nozzle axis. It is also
observed in Fig. B-2, that the magnitude of suppression is dependent to a large
extent on the operating conditions and that the magnitude of reduction varies with
the height of the lift plate from the ground as well as with the flow conditions. Since
in practice, the operating conditions are expected to change significantly during take-
off and landing, a more attractive control strategy is 'closed-loop control,' where
the microjet effect is modified using suitable measurement of the impinging flow
field, thereby maintaining a uniform noise reduction over a large range of operating
conditions. In fact, it is well-known that for flows governed by a feedback loop, such
as the present flow, screeching jets and others, the flowfield properties can change
measurably even when the nominal operating conditions are the same. This is due
the inherently high sensitivity of the feedback loop to very small changes in inlet and
boundary conditions which can lead to changes in aeroacoustic properties (e.g. tonal
frequencies and thier magnitudes, [31]). This further emphasizes the need for an
adaptive control approach for such flows. In this paper, we explore such a closed-loop
control strategy for reducing the impingement tones.
A traditional approach for designing a closed-loop controller is to begin with a
model that describes the impinging flow-field, and carry out a model-based control
design. There are, however, two difficulties in employing such an approach for the cur-
rent problem. One is that the changing boundary conditions, compressibility effects,
and the feedback interactions between acoustics and the shear make the modeling
significantly more complicated. The other is that the traditional feedback control
paradigm typically requires the control input to be modulated at the natural fre-
quencies of the system and mandate that the external actuator have the necessary
bandwidth for operating at the natural frequencies [4]. In the problem under consider-
ation, the impinging tones associated with the flow field are typically a few kilohertz.
Given the current technology, modulating the microjets at the system frequencies
while producing a microjets with significant momentum is extremely difficult, if not
impossible. We note that, as discussed in [8], the development of high-frequency
and high output actuators that can operate over a large range of frequencies is much
needed. Although this is an active area of research, at present such actuators are not
yet available in an usable platform.
To overcome these hurdles, two different control strategies were suggested in this
paper. The first approach presented modulates the control input, p,, at a slow time-
scale, so that it behaves like a parameter. Here, the control input, the azimuthal
distribution of microjet pressure, is chosen from 'Proper Orthogonal Decomposition
(POD)' which calculates the most energetic spatial mode from given experimental
data. If this control input is chosen judiciously, then even small and slow changes in
this 'parameter' can lead to large changes in the process dynamics.
The POD method is a tool used to extract the most energetic modes from a set of
realizations from an underlying system [21]. These modes can be used as basis func-
tions for Galerkin projections of the model in order to reduce the solution space being
considered to the smallest linear subspace that is sufficient to describe the system.
The decomposition is 'optimal' in that the energy contained in an Nh-ordered POD
base is greater than any other N-ordered base in a mean-squared sense. Over the
years, it has been applied in several disciplines including turbulence, stochastic pro-
cesses, image processing, signal analysis, data compression, process identification and
control in chemical engineering, and oceanography, and has been referred to by various
names including Karhunen-Loeve decomposition, principal component analysis, and
singular value decomposition. In fluid mechanical systems, the POD technique has
been applied in the analysis of coherent structures in turbulent flows and in obtain-
ing reduced order models to describe the dominant characteristics of the phenomena.
One of the earliest studies was conducting by [6] on a fully developed pipe flow. Since
then, POD models have been used to model the one-dimensional Ginzburg-Landau
equation [54], the laminar-turbulent transitional flow in a flat plate boundary layer
[46], pressure fluctuations surrounding a turbulent jet [5], turbulent plane mixing
layer [14], velocity field for an axisymmetric jet [13], low-dimensionality of a turbu-
lent flow near wake [33], low-dimensional leading-edge vortices in the unsteady flow
past a delta wing [12], and flow over a rectangular cavity [48]. The eigenfunctions
were developed using both experimental and numerical database. In this paper, we
use the POD method to extract information about the mode shapes from pressure
measurements which, in return, is used for control input strategy.
In the second control method, a pulsed microjet is introduced as an actuator. The
rationale for doing this is that for a given mass flow rate, pulsed injection can generate
larger momentum than steady continuous microjet injection, which is consequently
expected to have a stronger impact on the noise reduction mechanism.
Pulsing of jet flows has been attempted in reference [25, 53, 55, 56, 62]. Wiltse
and Glezer introduced an open-loop control strategy in [62] via high frequency forcing
in the inertial subrange of a free shear layer on a low speed flow. They found that
broadband velocity fluctuations were reduced at low frequency but increased at high
frequencies. [55, 56] and [53] adopted the high frequency forcing technology for control
of the cavity flows and [43] reported results applied for control of impinging tones.
More recently, [25] reported reducing a resonant peak using HTFA (Hartmann Tube
Fluidic Acutator), a very high speed actuator for controlling the impinging jet noise.
This actuator primarily worked in a blowing-mode, required fairly large mass-flow
rates, and worked over a fairly narrow range of frequencies whose selection required
considerable tuning. Here, we pursue a low speed pulsing strategy which is far below
the natural frequency (-5 kHz) of the system. The actuator used modulates the flow
at the exit of the microjet using a rotating cap. Saw-tooth structures placed in the
inner race of the rotating cap block and unblock the microjet holes as the cap rotates
and simulates an on-off micorjet action. A similar pulsing actuator design was used
to control a free jet in reference [22]. However, as demonstrated in section 3.3.2, the
design proposed here in significantly more efficient due to the location of the actuator.
Noise reduction using pulsed microjet injection is dependent on several control
parameters such as duty cycle, mass flow rate, and phase difference between adjacent
microjets and pulsing frequency. Among these parameters, the duty cycle and pulsing
frequency play a major role in suppressing impinging tone. A change in the duty cycle
from 43% to 70 % was shown in ref [10] to result in an additional reduction of 6 db.
Pulsing at low frequency - 16 Hz results in an additional noise reduction of 1 ~- 2
dB.
Moreover, to ensure the optimal performance of the pulsed microjet actuator, a
closed-loop control strategy based on the analytic model of impinging tone system is
proposed. The overall impinging tone model is composed of two loops: (1) A feedfor-
ward mechanism: noise generation by impingement of large scale vortical structure,
(2) A feedback mechanism: formation of instability in the shear layer of the primary
jet. The feedforward mechanism is modeled as a head-on collision between two vortex
rings of identical strength because the main source for generating noise is the impinge-
ment of a large scale vortical structure whose intensity is proportional to the vortex
strength. It is well known that unsteady motion of vortices emits acoustic waves
called "vortex sound" [24]. In his classical paper in reference [42], Powell showed that
an acoustic wave is excited by the vortex acceleration term (w x v). The theory of
vortex sound was further expanded in references. (Mdhring [34], Obermeier [39], and
Kambe [23]). Of particular interest to the topic under consideration in this paper is
reference [24] (Kambe and Minota, 1983) since their analytic model takes into con-
sideration the compressibility and viscous effects. These two effects play a major role
in our problem due to the fact that the flow is supersonic, and in an impinging jet,
vortices formed are sufficiently close to the ground, respectively. Using this collision
mechanism, we develop a new model in this paper that explains the acoustics due to
impinging jets. The impinging tone frequencies are determined in a manner similar
to that in reference [36], and are shown to capture the staging phenomena quite well.
Then, the model is derived using the wave equation, colliding vortices of a certain
strength, and Green's function. This model is compared with experimental results
obtained in the FMRL, FSU, and is shown to match the data quite well. In partic-
ular, it is shown that the noise intensity is found to be increasingly proportional to
the vortex strength.
To understand the role of pulsed microjet actuation, a two-mode lumped param-
eter model is proposed in this thesis that captures both the dominant impinging tone
and the low-frequency mode discussed above. Here, the effect of pulsing is modeled
through an input-shaping controller which suitably redistributes the acoustic excita-
tion over the high and low frequencies. In addition, stagnation bubble formed on the
impinging area is investigated as a source of the low frequency mode.
The thesis begins with an explanation of the experimental setup in section 2,
followed by open-loop control test for hot/cold jet in section 3.1. In section 3, two
major control strategies, the POD-based control (section 3.2) and pulsed control
(section 3.3), are presented. In this section, experimental results using POD based
conrol strategy are presented, compared with an open-loop control strategy, and the
dependency of noise reduction on pulsed microjet control parameters such as duty
cycle, mass flow rate, phase difference and pulsing speed are studied in detail. Finally,
analytical study of impinging tone is suggested in the following section 4.2 (colliding
vortex model) and 4.3 (two-mode lumped parameter model).
Chapter 2
Experimental Setup
2.1 Test Configuration and Facility
The following experiments were carried out at the supersonic STOVL jet facility of
the Fluid Mechanics Research Laboratory located at the Florida State University.
A schematic of experimental setup with a single impinging jet is shown in Fig. B-3.
This facility is used primarily to study jet induced phenomenon on STOVL aircraft
hovering in and out of the ground effect [2, 28]. A circular plate of diameter D (25.4
cm - 10d) was flush mounted with the nozzle exit and, henceforth referred to as the
'lift plate', represents a aircraft planform. A 1 m x 1 m x 25 mm aluminum plate is
mounted under the nozzle, which serves as the ground plane simulating the hovering
situation by fixing it to the desired position. Further facility details can be found in
[28].
The supersonic impinging jet was produced by an axisymmetric, convergent-
divergent (C-D) nozzle with a design Mach number of 1.5. The throat and exit
diameters (d, d,) of the nozzle are 2.54 cm and 2.75 cm (see Fig. B-3 & B-4). The
divergent part of the nozzle is a straight-walled conic section with a 30 divergence
angle from the throat to the nozzle exit. A high-pressure blow-down compressed air
facility was used to supply air to the nozzles. A high-displacement reciprocating air
compressor drives the facility, which is capable of supplying air at a maximum storage
pressure of 160 bars. Large storage tanks provides a total capacity of 10m 3, which
makes it possible to drive the Mach 1.5 jet continuously up to 40 min.
A Validyne pressure transducer measures the stagnation pressure in the settling
chamber just upstream of the nozzle. Although tests were conducted over a range of
Nozzle Pressure Ratios (NPR,where NPR = stagnation pressure/ambient pressure),
the results discussed in the present paper are limited to NPR = 3.7 that corresponds
to an ideally expanded Mach 1.5 jet. The nozzle total pressure was maintained within
± 0.2 psi of the desired conditions.
Sixteen microjets fabricated using 400 pm diameter stainless tubes were used as
actuators for active flow control. These are flush mounted circumferentially around
the main jet as shown in Fig. B-4(a). While the orientation of the jets can be varied
between 0 and 90', most of the experiments reported in this paper correspond to
the microjets at either 200 or 30' with respect to the nozzle axis. The supply for
the microjets was provided by compressed nitrogen cylinders through a main and
four secondary plenum chambers. In this manner, the supply pressures to each bank
of microjets could be independently controlled. The microjets were operated over a
range of NPR = 5 to 7 where the combined mass flow rate from all the microjets was
less than 0.5% of the primary jet mass flux.
2.2 Pressure Measurements
Near-field noise was measured using B&KTM microphones placed approximately 25
cm away from the jet. The microphone signal was measured with an estimated uncer-
tainty of + 1 dB. The distribution of unsteady loads on the lift plate was measured by
six high frequency response miniature KuliteTM pressure transducers (model: XCS-
062), placed axisymmetrically around the nozzle periphery plate, at r/d =1.3 from
the nozzle centerline (Fig. B-4). The Kulites were frequently calibrated throughout
the experiments (almost every day) where the sensitivity was found to be very close
to the values quoted by the vendor - between 24-26 mV/psi. The use of such trans-
ducers for measuring dynamic pressures is a standard, well-established practice for
low speed and high speed flows for more than a decade [17, 60, 61]. According to
the manufacturer's specifications, these transducers have a flat frequency response up
to 20% of their natural frequency. The transducers have a combined non-linearity
and hysteresis(max) of ±0.5%. The noise floor for these transducers was about 60
dB below the measured dynamic pressures, i.e. the signal to noise ratio was roughly
1000. Note that lift plate Kulites were only used for the steady microjet experiments.
They were not used for the pulsed jet studies due to the vibration of the lift plate as
a result of the pulsing hardware.
The transducer output were measured using National Instruments digital data
acquisition cards (PC-MIO-16E-1 card coupled with SC 2040 Sample and Hold card)
and LabViewTM software at a sampling rate of 70 kHz. The signal was low-pass
filtered at 33 kHz, using Stanford Research Systems, SR640(8 pole-elliptic) Low Pass
filters. These filters are phase-matched to better than +0.750. between channels.
The phase lags between the various channels was checked by processing known signals
through the entire chain of data acquisition and conditioning hardware, e.g. Filters,
amplifiers and data acquisition cards. This was done using test signals over the range
of frequencies of interest in the present study. The phases between the various chan-
nels matched within +5'. Similar Kulite transducers have also been calibrated by
Ukeiley (Ref: Private communication, March 2006) where the phase between differ-
ent transducers was found to be within 20. The results discussed in section 3.2.3
indicate a phase difference of about 150 which is well above the random error in
phase introduced due to the hardware. 100k points were recorded for each signal.
Standard statistical analysis techniques were used to obtain the spectral content and
the Overall Sound Pressure Level (OASPL) from these measurements. For the spec-
tral analysis, the Fast Fourier Transform (FFT) block size was 1024 points, with the
resulting frequency resolution of 68.4 Hz. Consequently, the spectra shown in this
paper represent an ensemble average of 100 'instantaneous' or short-time-duration
spectra with an associated random error of 10%. The uncertainty associated with the
unsteady pressure Prms, is ± 0.02 psi.
2.3 Particle Image Velocimetry (PIV)
The flow field and noise characteristics of impinging jet is investigated using Particle
Image Velocimetry (PIV). The main feature of PIV is to record two consecutive
images in quick succession. From a series of two images, the velocity field is derived
using a cross-correlation algorithm. PIV system is composed of two hardware: high
speed camera and laser illumination system. The images were recorded by a cross
correlation CCD camera (Kodak ES 1.0 digital video camera). Its resolution is 1 k x
1 k, and is operated in double pulsed mode. In this mode of operation, with proper
synchronization with laser pulses, the camera can acquire double images at a rate of
15 images pairs per second. The image is the oil or smoke particles illuminated by
a double pulsed digitally sequenced Nd:YAG laser (Spectra-Physics, 400 mJ) which
is a light sheet about 1.5 mm thickness created by suitable combination of spherical
cylindrical lenses. The laser sheet is placed parallel to the jet direction and intersects
the centerline of the nozzle. The jet was seeded with small (- 1 Am) oil droplets
generated using a modified Laskin nozzle. The ambient air was seeded with smoke
particle (- 5 Am) produced by a Rosco fog generator. A schematic of the experimental
arrangement of the PIV system is shown in Fig. B-5.
The double pulsed images were acquired through an Imaging Technologies ICPCI
board, which resides on a single slot of the PCI bus of a personal computer. The time
between pulses was optimized at 1.2 /s. An image matching approach was used for
the digital processing of the image pairs to produce the displacement field. To achieve
velocity data with high spatial resolution, a novel processing scheme was developed
in Lourenco and Krothapalli [32]. The flow field at any points is described by an
analytical function using a least-squares-fitting algorithm.
u = ax2 + bx + cy 2 + dy + exy + f (2.1)
The marked advantage of this approach is that the velocity field is described at any
point with second-order accuracy and thus computation of derivatives is accomplished
with higher precision. In the absence of shock cells, the mean velocity data using PIV
is in very good agreement (± 1 %) with the exit velocity calculated from isentropic
relation. Moreover, instantaneous velocity field can capture the presence of large scale
vortical structures in the primary jet and the wall jet. For further technology about
the PIV, the reader can refer to a reference by A.Krothapalli et al. [28].
Chapter 3
Control of Supersonic Impinging
Jets
3.1 Steady Microjet Actuation
3.1.1 Open-Loop Control Strategy: Cold Jet
The microjet has been used for a noble actuator in suppressing the impinging tones
for a long time. The very small size of the sensor/actuator hardware and the minimal
mass flow rates requires minimal power consumption and is expected to result in
negligible thrust loss of the primary jet. In contrast to the traditional passive control
methods, the proposed actuator can be switched on and off strategically. Therefore,
it will not degrade the operational performance of the aircraft when it is not needed.
In the present experiments, microjets were made using 400 mm diameter stainless
tubes. 16 microjets were located in the circumference of nozzle exit. For the open-
loop control, the supply pressure of secondary plenum which determines the intensity
of microjet strength was kept constant (100 psia) during the test.
In reference [2], supersonic impinging jets produce a very unsteady flow field, with
high noise levels and discrete frequency acoustic tones. The instantaneous shadow-
graph in Fig. B-6 (a) show the representative image for an uncontrolled - microjet off
- impinging jet. We can see the distinct wave propagating up to the nozzle exit and
bounded wave from the lift plate. A large-scale structure are also conspicuous near
the ground plane. This structure is thought to play a major role in flow entrainment
and consequent cause of a large amount of lift loss suffered by STOVL aircraft during
the hovering mode. On the other hand, the effect of microjet is visible from the
shadowgraph image in Fig. B-6(b). The image is completely changed from the un-
controlled one in some features that totally different dynamics seem to be dominant
at the controlled case. The ambient air becomes free from the acoustic wave and a
distinct large-scale structure in the middle of the jet disappeared.
Fig. B-7 shows the narrowband spectra of the unsteady pressure signal on the
lift plate for NPR = 3.7, h/d = 4.5. The presence on multiple tones is apparent
by the discrete peaks in the spectra. By activating the microjet, distinct peaks are
significantly diminished or entirely eliminated. Along with the narrow band noise
reduction, the broadband noise amplitude was diminished to a certain extent. Such
overall amplitude reduction patterns are seen in other data captured on the ground
plane and near-field acoustic measurement collected by microphone.
Fig. B-2 are the overall reduction in the unsteady pressure levels on the lift plate
for NPR = 3.7. From the graph, we can easily notice that the microjet did reduce
the overall sound pressure level to a certain degree under any circumstance. But,
the most noteworthy fact is the reduction is non-uniform with respect to the height
and is not repeatable. It is well-known that the properties of feedback loop of the
uncontrolled jet, such as the amplitude and frequency of the impingement tones and
the dominant instability modes in the flow, are highly sensitive to operating condi-
tions. It is also worth noting due to the sensitivity of the feedback loop on the exact
operating conditions, the effect of microjet control can vary even if the conditions
are kept constant. As an example, although the height at which the microjets are
minimally effective is h/d = 4.5 for the conditions, it can on occasion shift to h/d =
4 or 5 during a particular test. Hence, an efficient control scheme should be able to
adapt to the changes in the local flow conditions, on-line to provide optimal control
over the entire operating range.
3.1.2 Open-Loop Control Strategy: Hot Jet
Having demonstrated the efficacy of microjets in controlling the highly unsteady
flowfield generated by cold impinging jets; we next examined the potential of microjet
control for impinging hot jets. This brings us closer to flow conditions that occur in
practical applications while allowing us to reevaluate some of the physical mechanisms
developed and proposed during the study of cold impinging jets. Accordingly, the
STOVL/Impinging Jet facility was modified via the addition of a 200 kW resistive
heater. This allows the main jet to be operated at temperatures between 600'F and
800'F depending on the mass flow rate through the system.
Fig. B-8 shows near-field noise measurements, in terms of OASPL for hot and
cold impinging jets, where the hot jet was operated at a stagnation temperature of
approximately 240'F and the cold jet at about 85°F. These measurements were made
using a B&KTM microphone placed 10 diameters from the jet centerline. A few points
regarding these plots are worth noting. First, a comparison of the no control cases
between the hot and cold jets shows that for all the cases (in terms of h/d) shown
here, the overall noise levels for the hot jet are notably higher, as one would expect.
Second, the elevated noise levels decay much more gradually with increasing ground
plane distance - h/d, for the hot jet case. In fact, the noise levels for the hot impinging
jet remain roughly constant up to h/d = 8 after which noise decreases with increasing
h/d. In contrast, the OASPL for the cold jet begins to decrease monotonically after
h/d = 4. This indicates that the feedback loop, which is responsible for the increased
noise levels, is stronger and persists longer for hot impinging jets.
Microjet control for both these jets was implemented using sixteen, 60' microjets
operated at ,- 100 psi. The effect of microjet control can be observed by comparing
the solid lines (no control) with the dashed lines (control) in each of plots in Fig. B-8.
For ease of comparison, this difference in OASPL for the hot and cold jets is shown
in Fig. B-9. As seen in this plot, microjets are almost equally effective in weakening
the resonance loop, and hence reducing the impinging jet noise, for both hot and cold
jets up to about h/d = 5. However, beyond this distance, microjet control is rather
ineffective for cold jets. In contrast, microjets are significantly more effective for the
hot jet up to h/d = 9. Recalling the fact that elevated noise levels are measured up
to h/d = 9 for the hot jet (see Fig. B-8 (a), this behavior is expected.
3.2 Steady Microjet Actuation: POD-based Con-
trol
To maintain a uniform reduction of the unsteady pressure over a wide range of op-
erating conditions, a quasi closed-loop control method was investigated. The details
of this control strategy, the analytical basis, and the results obtained are reported in
this section.
3.2.1 The Proper Orthogonal Decomposition Algorithm
As mentioned earlier, the POD method is a tool used to extract the most energetic
modes from a set of realizations from an underlying system, a brief description of
which is provided below. Given a flow defined on a domain Q over a time interval T,
the flow-field variables such as velocity, pressure, and density, can be predicted using
the governing equation. To ensure better accuracy, the flow is treated as a random
process with parameter of time and space. We shall denote the flow variable as the
sum of orthonormal basis a(t) and O(x), or
00
u(x, t) = E a,(t)¢0,(x), (3.1)
n=1
with the complexity of the model reduced by truncating the series at a suitable
value. While a large number of basis functions O(x) can be used, the simplest, yet
most powerful, basis function is that which is obtained using the Karhunen-Loeve
expansion (3.1) [37].
Using the Karhunen-Loeve expansion, the unsteady pressure is expressed as
00
p(t, O) = E A-an(t)00n(9) (3.2)
n=1
where the temporal terms are uncorrelated and are given as
an(t) = ( A) J ¢(M)p(t, O)dO (3.3)
E[am(t)an(t)] = 6. (3.4)
j m(0)On(0)dx = 6n (3.5)
and the orthonormal basis functions { ,} are calculated from integral equations based
on a covariance function Rp(0 1, 92) as
f Rp(1,092)¢n(02)dO2 = A•nn(0 1 ), 81, 02 E Q (3.6)
Rp(01, 92) = E [(Pe, - [t01))(Po2 - P(02))] (3.7)
where p(01), p(02) are mean values of variable Po, Po2, respectively and 6n = 0 (if
m 4 n), 1 (if m = n) . The derivation of the temporal term, the uncorrelated prop-
erty and rigorous proofs can be found in Newman's paper [37]. The spatial mode
n(01) can be calculated using 'method of snap shot' as follows [59]. Let the pn(j) be
the pressure variable at a spatial point n at some time j where n = 1,2,. - .,N and j
= 1,2,... - ,J, with n much smaller than J. Now the matrix Q can be expressed from
singular value decomposition as
p (1) p1 (1) ... p'(J)
p2(1) p2(1) ... p2(J)
p3(1) p3(1) ... p 3(J) = UEVTQ
P N(j) N (1) ... N (j)
where U(N x 1) and V(J x 1) are unitary matrix
[U]T[U] = [V]T[V] = [I]1x1
and
0"l _ 0"2 "3Ž> '' a"l
The matrix V and a are the eigenvector and the square-root of the eigenvalue,
respectively of the correlation matrix QTQ.
[Q]T[Q] = [V][y]'[U]T[U][E] [V]T = [V][]T[] [V]T (3.10)
The mode-shape can be computed by normalizing each column of the following
matrix (.
4 _ QV = [U][E][V]T [V] = [U][r] = [¢1 2 ... 01]. (3.11)
In short, the spatial ith POD mode can be obtained as given below:
•( ) • V(jii)Q(xnJ),i 1,..., n 1,...,N
j=1
(3.12)
3.2.2 POD-based Control of Impingement Tones
In order to find the POD modes of the system, the measurements of pressure at all
flow points and a real time calculation scheme are needed. However, this is not feasible
either experimentally or computationally due to obvious constraints. Fortunately, the
(3.8)
(3.9)
[]lixt =
F
feedback loop is most sensitive to the conditions in the immediate vicinity of the jet
nozzle. Therefore we analyze the flow field by focussing only to the nozzle exit. That
is, we derive the control strategy using the expansion:
p(O,t) A p+(r = Rs,0, z = Znozzle,t)
L
= E XW(t)0i(0) (3.13)
i=1
where R8 is the radial position of the sensors on the lift plate and p+ is the pressure
outside of main jet. Note that Oi's in Equation (3.13) are the spatial modes of the
flow field confined to nozzle exit. Once the mode shapes are determined, we simply
choose the control strategy as:
p,(O) = kq 1(0) (3.14)
where q1 is the most energetic mode in Equation (3.13) and k is a calibration gain.
The complete quasi closed-loop procedure therefore consists of collecting pressure
measurements p(O, t), expanding them using POD modes as in Equation (3.13), de-
termining the dominant mode q1, and matching the control input - which is the
microjet pressure distribution along the nozzle - to this dominant mode as in Equa-
tion (3.14), and is denoted as a 'mode-matched' control strategy.
3.2.3 Results Using POD-Based Control
The mode-matched control strategy described above was implemented at the STOVL
supersonic jet facility of the Fluid Mechanics Research Laboratory, FSU (see [31] for
details). Four banks of microjets were distributed around the nozzle exit, while pres-
sure fluctuations were sensed using six KuliteTM transducers flush mounted around
the nozzle periphery on the lift plate, at r/d = 1.3, from the nozzle centerline (d is
the nozzle throat diameter).
The control experiment was performed for a range of heights (of the nozzle above
ground). At each height, in addition to the 'mode-matched' control, the open-loop
control strategy described earlier where the microjet pressure around the nozzle exit
was maintained at a uniform value was also implemented. To ensure a fair comparison
between the two control methods, the main nozzle was operated under the same
conditions while implementing these two different control strategies. The calibration
constant k in Equation (3.14) was chosen such that the minimum and maximum
values of the POD mode over 0 correspond to 70 psia and 120 psia, respectively, which
ensured maximum effectiveness of the actuator. The value of 70 psia was chosen since
it was the lowest pressure at which any measurable control effect could be observed
and 120 psia was chosen since it was the pressure that the steady control(with 200
inclination) effect is almost saturating. Fig. B-10 (a) shows the shape of the first
mode and the suggested microjet bank pressure distribution for several heights.
Fig. B-10 (b) shows the results for the "POD-based" control strategy, which in-
dicates a better performance compared to the open-loop controller throughout all
operational conditions, with a large improvement at heights h/d = 4, 4.5 and 5. The
reason for this increased noise reduction can be attributed to the percentage of en-
ergy contained in the dominant mode, which is used in the control strategy. Seen in
the Tbl. A.1, at heights 4 to 5, the energy content of the first mode is almost 90%.
In contrast, at heights 2 and 3, the energy level drops to about 50% and hence the
corresponding improvement in the closed-loop strategy also drops to about half the
dB-value at heights 2 and 3 compared to at heights 4 and 5.
As noted in the introduction, flows governed by a feedback loop are highly sensi-
tive to very small changes in the local conditions, displaying different behavior under
the same nominal conditions. This is illustrated in Fig. B-11 which shows the effect of
control using microjets inclined at 300 with respect to the nozzle axis. A comparison
of the OASPL of the uncontrolled cases in Fig. B-10 and B-11 shows that the noise
characteristics in these two experiments are quite different, though major character-
istics of the flow-field such as a monotonically decreasing OASPL as h/d increases
and the overall noise level are the same. The distinct feature of this case is that the
open-loop control with 300 injection led to a large amount of noise reduction without
any feedback action. The POD-based control was observed to be slightly better with
an additional 1 2 dB reduction over open-loop control at heights 4.5 and 6 and
denoted in Fig. B-11. From the energy content view (seen Fig. B-11 and Tbl. A.2
), the microjet should have reduced the noise level further but the result was not as
dramatic as before.
A possible reason for the occasional lack of impact from the microjets is discussed
below. It has been observed in [28] that the flow characteristics evolve from a helical
mode to a axisymmetric mode and return to a helical mode as the nozzle to ground
distance becomes larger. Fig. B-15(a) shows the phase difference measured by Kulites
mounted on the lift plate at the most dominant frequency, at h/d = 3.5, 4.0, and 4.5.
A small deviation in the phase difference between the signals implies that the flow
characteristics are axisymmetric.
From Fig. B-11 and Fig. B-15 (a)(b), we note that there is a correlation between
the amount of noise reduction and the flow mode. It can be seen that at heights h/d
= 3.5 and 4.5, the dominant mode is helical with the helicity being stronger at h/d
= 3.5, while at h/d = 4.0, the dominant mode is axisymmetric. Correspondingly, we
note that the OASPL reduction is the least at h/d = 3.5, maximum at h/d = 4.0, and
medium at h/d = 4.5. That is, the lack of noise reduction appears to be correlated
with the presence of a helical mode in the 30 0-injection case. This is also consistent
with the results of the 20o-injection case reported in Fig. B-10, where the dominant
mode was predominantly axisymmetric at most heights. A low OASPL reduction of 1
dB occurring at h/d = 3.0 for the 20°-injection case could therefore be due to the fact
that the component of the axisymmetric mode at this height was 55% which was less
than the amount of axisymmetric mode present at other h/d. One could argue that
the specific case of h/d = 4.5 with 30o-injection shown in Fig. B-11 is somewhat of an
exception to the above hypothesis, which links lack of reduction to the presence of a
helical mode. At this h/d, an OASPL reduction of 7 dB occurs despite the presence
of a helical mode. This anomalous behavior could be due to the fact that the helical
effect at the nozzle becomes less important as h/d increases.
A final observation is a comparison between the amount of noise reduction achieved
in Fig. B-10 and Fig. B-11 which corresponds to a microjet injection of 200 and 300,
respectively. We note that larger reductions occur in the latter case, which is most
likely due to the fact that with a larger injection angle, a greater penetration depth
of the microjet streak into the shear-layer of the primary jet is achieved, as shown in
[30]. At a given angle of injection, a larger penetration depth is always achievable by
raising the mass-flux. However, increasing the mass-flux may not often be desirable
due to practical constraints. Therefore, any actuation method that leads to a larger
penetration depth at reduced mass-flux rates has a good chance of assuring a larger
and more consistent noise reduction at all operating conditions. In the next section,
we present the results of a different actuation method that has the above desirable
property.
3.3 Pulsed Microjet Actuation using a Rotating
Cap
The results in section 3.2 show that a 'quasi-closed loop control' method produced
additional noise reduction compared to the open-loop control strategy. To obtain a
more consistent noise reduction over a larger range of jet operating conditions, we
examined a different control strategy, which consists of a technique that pulses the
microjet flow. The rationale for introducing pulsing is discussed below.
For a given mass flow rate ri = pAU,.0 , the force induced by steady microjet
injection is given by the rate of momentum change in time. Using the same mass
flow rate, an unsteady injection can exert more force on the primary jet shear layer of
the flow than steady injection, in an average sense. Equation (3.15) described below
shows that, if as an example, the unsteady flow through the microjets is represented
in sinusoidal form, the additional force increase is realized by pA (B 2 /2):
F,.steady = rhU.o = pAU2,.0
Ul.unsteady = U,.0 + B sin(wt)
F,(t) = iU1,.unsteady = pA (U,.o + B sin(wt)) 2
F11 t) = - ru Ounsteaydt
27r o
= pA (U2.0 + 2 (3.15)( 2
That is, for a given mass flow rate, a pulsed injection can generate more momentum
than steady continuous microjet injection, and hence can perhaps have a stronger
impact on the jet shear layer, thus disrupting the feedback mechanism more effectively
and hence reducing the noise more significantly.
3.3.1 Modulated Microjet - High Speed Valve
The easiest way to generate pulsing is using a high speed valve. The traditional
feedback control paradigm requires the control input to be modulated at the natural
frequencies of the system (for example, see Rowley et al. [50]). This, in turn, man-
dates that the external actuator have the necessary bandwidth for operating at the
natural frequencies. In the problem under consideration, the edge tones associated
with the flow-field are typically of a few kilohertz. Given the current valve technology,
modulating the microjets at the system frequencies is nearly impossible. It follows
that the first approach, as presented above, is reduced to pulsing microjet injection
at the frequency of sub harmonics of the resonance frequencies. The specification of
the relevant high speed valve is listed in Tbl. A.5. Fig. B-12 shows the schematic
diagram of the high speed valve assembly. Highly pressurized flow is passing through
a filter, supplied to the inlet of the block and drained out of the connecting tube.
The high speed valve inside the assembly block modulates the exit flow. Unsteady
pressure transducer by KuliteTM , located at the end of the connecting tube measures
the total pressure fluctuation.
To verify the correct function of the valve, an experiment was conducted under
the condition of 50 % duty cycle and at 165 psi supply pressure. The result shown
in Fig. B-13 indicates noticeable flow modulation issuing out of the connecting tube
at the 150 Hz valve speed. The next step was to size down the diameter of the
connecting tube so as to match the microjet size at the other end. Because the
length and diameter of the flow channel are major factors in determining the flow
resistance, several experiments were conducted to minimize the resistance, an example
of which is given here. An adaptor which decreases the channel diameter from 0.50"
to 0.25" was plugged at the end of the connecting tube. Because the cross sectional
area of the tube becomes narrow downstream direction, flow speed through the tube
increases. However the upper limit of flow speed is bounded by the sonic limit, hence
the resulting modulation of the flow speed is almost completely decayed as seen in
Fig. B-14. Since the overall performance of this pulsing strategy was not satisfactory,
it was not pursued any further.
3.3.2 Pulsing Using a Rotating Cap
Because flow modulation applied at the upstream end results in steady injection, Flow
modulation was introduced using direct modulation at the exit of the microjet using
a rotating cap (see Fig. B-16). This cap consists of several teeth which block and
unblock the microjet holes as the cap rotates, simulating an on-off microjet action.
The design of the lift plate is slightly changed to install the rotating cap actuator, and
is composed of a small and a large lift plate (see Fig. B-17, Fig. B-18). The small lift
plate is assembled along with the rotating cap at the center of the big lift plate using
a bearing. A motor mounted behind the lift plate drives the rotating cap connected
by a belt. Finally, the lift plate is supported by three arms attached to the holder
which itself is attached to pipe supplying air to the main nozzle. Fig. B-19 shows the
lift plate assembly.
The effect of the pulsed microjets through the rotating cap was quantified by
spinning the motor at different speeds and measuring the unsteady total pressure at
the microjet exit using a Kulite mounted in a total pressure probe configuration.
These measurements were sampled at 70 kHz with a cut-off frequency of 33 kHz.
In Fig. B-20(a)-(b), the pressure response with respect to time using a steady and
pulsed microjet flow are shown, respectively. In Fig. B-20(c), the power spectra
corresponding to the time series in Fig. B-20(b) shows that the rotating cap produces
a fairly large amplitude perturbations around 300 Hz. This unsteady effect was
observed for motor speeds over a range of 0 to 2000 rpm. The speed of pulsing is
determined by the motor speed, the diameter of rotating cap and number of teeth in
the cap. One revolution of the cap introduces 16 pulses since the cap has 16 internal
holes. Moreover, the pulley which drives the rotating cap has a smaller diameter than
the rotating cap. Hence, the pulsing speed is obtained from the following relations:
fpulsing = 16 x (Dpulley/Dcap) RPMpuiey/(60) (3.16)
where Dcap = 2.625 in, Dpuiey = 2 in. Here the resultant pulsing speed by the rotating
cap was set to 121 Hz, which corresponds to a moderate motor speed of 596 rpm.
At this speed, the vibrations due to the rotating mechanism are minimal and do not
lead to a broadband noise increase.
In addition to providing a direct method of pulsing the microjet flow, it is also of
interest to be able to vary different parameters of the pulsed flow such as amplitude,
frequency, duty-cycle, and phase. This can be accomplished by varying the design
parameters of the rotating cap. The pulsing amplitude is directly proportional to
the supply pressure delivered to microjet chamber, while pulsing frequency is solely
controlled by the rotation speed of the cap. Therefore, these two parameters can
be easily and electronically varied by changing the microjet pressure and the motor
speed. The duty cycle and the phase, on the other hand, depends on the design of
the rotating cap and requires a mechanical design procedure. For example, if d, is the
duty cycle of pulsing, which is the ratio of the valve opening time to pulsing period,
then
dc = 100 dh )(%) (3.17)
where d is the main jet diameter, dh is the diameter of the holes in the rotating cap
(see Fig. B-21), and Nh is the number of holes in the rotating cap. This implies
that the duty cycle(d,) is changed by varying the number and diameter of holes of
the rotating cap. If the number of holes in the rotating cap is the same as that
of microjets, all the microjets pulse synchronously. To achieve a phase difference
between two adjacent microjet pulses, the number of holes in the cap was chosen to
be different from that of microjets. This phase difference, Ophase, can be calculated
using equation (3.18)
)phase = m- 1 X 360 (3.18)
where Nm is the number of microjets.
We illustrate a realization of Ophase = 120' in Fig. B-22 which occurs by choosing
Nh = 4 and Nm = 3. This configuration produces pulsing with qphase = 120'. In the
impinging jet problem, 18 (Nh) holes were made in the rotating cap while 16 (Nm)
microjets were installed in the lift plate. From equation (3.18), we observe that this
produces a /phase of 45'.
It should be pointed out that the swirl caused by the cap rotation itself does
not significantly affect the baseline performance. This is demonstrated in Fig. B-23,
where the OASPL of the uncontrolled impinging jet is compared to that while the
cap was rotating without any microjet action. As can be seen in the figure, the two
OASPLs are almost identical.
As mentioned in section 1, a similar design to the rotating cap approach discussed
above has been reported in reference [22] for suppressing jet noise. A comparison
between our design and that of reference [22] is briefly illustrated in Fig. B-24. The
major distinction between the two is the distance from the microjet injection point
to the shear layer of main jet. In reference [22] shown in Fig. B-24(a), thirty-six
microjets with a diameter of 0.5mm were used, with a mass flow rate of 2 - 4% that
of primary jet. But the location of the microjets were at five-diameters away from the
shear-layer of the main jet on the azimuthal plane. Our design, shown in Fig. B-24(b),
collocates the actuator with the nozzle exit, thereby allowing the microjet flow to have
an inclination angle with respect to the flow direction. In contrast, in reference [22],
the microjet injection is forced to remain normal to the main flow. The lack of success
reported in reference [22] may in part be due to the location of the actuators, since
the penetration depth of microjet injection into the shear layer is known to play a
critical role in the noise suppressing mechanism.
3.3.3 Results Using Pulsed Microjets
Using the above experimental setup, studies of the impinging jets were conducted
with and without pulsing. Unlike 'POD-based control' case, the unsteady pressure
measurements could not obtained on the lift plate due to the vibrations from the
spinning cap incorporated in the small lift plate (see Figs. B-16 and B-18). Instead
the noise level was measured by a microphone located at 25 cm away from the nozzle
axis. The results obtained when the rotating cap was spun at a frequency of f = 121
Hz and Ophase = 0, and de = 70% are shown in Fig. B-25(b). These results show that
the impinging tones are completely eliminated by the pulsed microjets. In order to
further understand the impact of the rotating cap and the sensitivity of the impinging
flow field to the pulsing parameters such as frequency and duty-cycle, a number of
parametric studies were conducted, which are summarized below:
(a) Effect of mass flow rate (rh): In reference [30], the steady microjet depends
on several control parameters such as mass flow rate (rh), injection angle (a) and
nozzle operating condition (NPR). Among these parameters, the mass flow rate (rh)
has the most dominant impact on microjet performance. As the steady actuation
shows, the performance of pulsed microjet also strongly depends on this parameter.
The amount of mass flow rate through microjet is exactly proportional to the supplied
pressure which calculates from the following equation:
=d0 . 6 8 4 P oA *
mh,steady =dc .6 4Po/2 (3.19)
(R To)1/
where rh,: mass flow rate of pulsed microjet actuation, P0 : upstream pressure, To:
upstream temperature to microjet, A*: microjet diameter (400pm), R: specific gas
constant (297J/kg -K), de: duty cycle.
For most cases, performance of steady microjet increases at higher microjet inten-
sity because larger mass flow rate guarantees deep penetration of primary shear layer.
However, once the microjet intensity becomes strong enough to penetrate shear layer
completely, the amount of noise reduction saturates to its maximum [30]. Similar
result is repeated by pulsed microjet actuation. Seen in Fig. B-30, the amount of
noise reduction saturates at - 0.8 rAhloo00 regardless of other parameters, where Tloo0 is
0.228x 10-3kg/s, which represents the reference mass flow rate for To = 300K, P0 =
100 psig respectively.
(b) Effect of pulsing: The effect of pulsed microjet actuation is confirmed by
the amount of noise reduction in the microphone data. In addition to the acoustic
data, the effect is also indicated by flow visualization technique (PIV). Because the
impinging tone triggers development of the large scale vortical structure, the noise
reduction is expected to cause weakening of the large scale vortical structure in the
controlled flow field. The impinging jet flow field controlled by the pulsed microjet is
compared to the controlled flow field using same cost (the same mass flow rate with
pulsed microjet actuation) of steady injection. The blowing media (nitrogen) was
supplied at the rate of 0.186x 10-3 kg/s which is denoted by 0.8 rhlo00 , where rhloo is
the reference mass flow rate driven by 100 psig supply pressure. Two experiments were
conducted under the same nozzle operating condition using 56% duty cycle rotating
cap: (i) Pulsing with the same mass flow rate (0.8 •10oo) as the steady microjet
to compare the pure pulsing effect. For this condition, the corresponding supply
pressures are Psteady = 77 psig, Ppu.se = 140 psig respectively. (ii) Pulsing under the
same supply pressure as the steady (PpU,,,se = 77 psig) to see the effect of mass flow
rate. Fig. B-26, B-27 represent the mean velocity field of impinging jet for hid =
3.5 and 4.0 respectively. Seen in these figures, the mean velocity field of primary jet
is almost identical under either steady or pulsed injecting condition. On the other
hand, the turbulent properties are clearly distinguished for different actuation schemes
shown in Fig. B-28, B-29. The turbulence intensity field is calculated using 400 PIV
image pairs. In Fig. B-28, the uncontrolled flow field denoted by (a) is not very much
different from that of steady or pulsing with same supply pressure. But different
from (a)-(c), the pulsing with the same mass flow rate as steady injection shows
dramatically elimination of wiggles in (d). These turbulence properties represent the
large scale vortical structure. The impingement of the large scale vortical structure
causes the discrete tone. The elimination of this structure indicates the dramatic
reduction in acoustic data. The effect of pulsing is more clearly shown in the result
of height h/d = 3.5 in Fig. B-28. At h/d = 4.0, the steady microjet already controls
the flow field sufficiently, which supports the selective performance of steady microjet
shown in Fig. B-11.
(c) Effect of duty-cycle (dc): The effect of duty-cycle was explored and is
presented in Fig. B-25(a)-(b). These were obtained for two different duty-cycles of
43% and 70% at a pulsing frequency of 121 Hz with 115 psia microjet supply pressure.
Two points should be noted from this figure. The first is that both pulsing and
steady microjet action yield about the same amount of pressure reduction, and since
the supply pressures were the same, it implies that the pulsing action allows noise
reduction to occur at 43% of the mass flow rate needed for the steady case. The second
is that a significantly larger reduction can be obtained from the pulsing action under
certain duty cycles, which follows from Fig. B-25(b). It was in fact observed that the
pulsed injection completely destroyed the distinct impinging tones at almost all h/d.
Moreover, this occurred at a mass flow rate that is 70% of the steady injection case.
Yet another point to note is the robustness of the pulsed actuation method. It should
be noted that the amount of noise in the no-control case is a little different in the two
different experiments shown in Fig. B-25(a) and (b), - primarily at h/d = 3 and 4 -
due to the sensitivity of impinging jet properties on slight changes in the boundary
conditions. Nevertheless, the lack of reduction using steady microjet injection at the
height h/d = 3.5 is consistent between the two experiments. In contrast in both
cases, the pulsed injection maintains to an additional reduction of 2 dB or more at
this height In the repeated test (seen in Fig. B-31), the optimal noise reduction is
achieved at 56 % duty cycle for various heights and mass flow rate conditions.
(d) Effect of frequency (fp~i8 ~,g): The rotating cap was spun over a range of
frequencies from 0 to 150 Hz, corresponding results of which are shown in Fig. B-32.
This shows that over this range, the amount of noise reduction is quite independent
of fpulsing.q. To prevent the possible damage from friction of rotating part and make
the whole assembly working in safe, we chose the pulsing frequency fpulsing as 121 Hz
as the primary test case.
(e) Effect of phase-difference qphase: As mentioned in section 3.2.3 and il-
lustrated in Fig. B-15, we initially anticipated that the phase difference will play an
important role in noise reduction mechanism. Two experiments were conducted by
changing the rotating direction of the cap to check the effect of phase lead and phase
lag on noise reduction. The duty cycle was set at 50%, the supply pressure deliv-
ered to the microjet chamber was set to 115 psia, and the pulsing speed was 121 Hz.
The results obtained for a phase = 450 and a phase = -450 are shown in Fig. B-33
and compared with the synchronously pulsed injection case, where the duty cycle
was maintained at 43%. We note that these phase variations did not result in any
noticeable improvement over the synchronous scheme and uneven noise reduction for
various heights is still conspicuous. While the reason for this remains unresolved,
more experiments are being planned to understand the role of phase difference in
pulsed microjet actuation.
Chapter 4
A Reduced-Order Model of
Supersonic Impinging Jets
To develop a physical model of acoustic field generated by impinging jet is very
difficult work due to several factors such as strong coupling with highly unsteady
flow. Tam [58] developed the vortex sheet model to investigate the structure of the
free jet. He approved the model by showing the nonexistence of helical mode in
the subsonic free jet. Motivated by the vortex sheet model, Annaswamy et al. [3]
introduced the reduced order model of impinging jet. This model gave insight on
predicting the most dominant frequency and its multiples, but it does not predict the
trend of reducing amplitude at high frequency (see Fig. B-34) because the reduced
order model holds only near the nozzle exit but the author tried to expand the model
into the downstream of the impinging jet. In this paper, we suggest a modification
to the model in [3] using a different approach.
4.1 Prediction of Impingement Frequencies
The most dominant frequency at a certain height was suggested by Neuwerth [36] to
be
Mf = 1 1 (4.1)
h ( + -
where f is the frequency, and h is the distance between the ground and the jet nozzle.
Ca and Cv are the propagation speed of vortex rings and the speed of sound, M is an
integer. As we change h, the value of M changes, which leads to a discontinuous jump
in the frequency of the dominant peak. The integer M which is a function of h is
chosen by fitting the above equation into the experimental data. Explicit prediction
of M is the first step for the impinging jet model, which is carried out below
Gharib et al. [19] postulated that there exists a universal upper bound of the
'formation number' to form a stable vortex ring by an impulsive piston motion. The
formation number is defined as Nf = where U is the speed of the piston, and t
is the time duration of the motion. d is the diameter of the piston apparatus. They
found that one single vortex ring could be maintained, if Nf < N* and N* lies in
the range of 3.6 - 4.5. Although the case considered in [19] is pretty different from
the mechanism of vortex ring formation in an impinging jet, where a supersonic jet
is perturbed by the incident acoustic wave created by the collision of the jet at the
ground, the dependence of the vortex formation on the foundation number in our case
seems to be similar. To use N* in our derivation, we define the Strouhal number as
follows.
fd M M (h_-_
St = M 1  (4.2)Uj- h U U Ma+Uj/C • (d
Here, d is the exit diameter and Uj are the jet velocity. Uj/Ca is simply the Mach
number of the jet (Ma). The convective velocity of the large scale vortical structure
is around 50% of the main jet speed in [28], hence Uj/Cv 2. Thus,
M_/hV1
St = M (h (4.3)
Ma+2 d
Now, we assume that the circulation introduced by the jet within one period is
contained in one single vortex ring. Since the period t is the inverse of the frequency
f, the formation number can be written as follows.
N = Ut U = St- 1  (4.4)d fd
which implies that the formation number is simply the inverse of the Strouhal number
under this assumption. If we extrapolate the result in [19], this leads to the following
conclusion: there exists a universal lower bound on the Strouhal number for impinging
tones, which we predicted in Ref [19] to 4. Hence, we set Nf < N* - 4. Tbl. A.3
contains Nf computed from St for various values of h/d and M. The Mach number
of the jet was chosen to be 1.5, which is the experimental condition reported in [3].
Note that Nf should be less than N* in order to contain the circulation introduced
by the jet in one single vortex ring. The bold-faced number indicates the largest
formation number(Nf) satisfying this condition for each value of h/d. We expect
that the dominant impinging tone must occur at this largest formation number, since
each vortex ring contains the largest possible circulation at this condition. Tbl. A.4
contains the corresponding frequency in Hz.
The existence of the largest possible Strouhal number seems to be a valid assump-
tion for h/d between 3 and 6 from the data given in [3] Also, the frequency predicted
in Tbl. A.4 seems to be reasonably accurate for the range.
4.2 Collision of Two Identical Vortices
The highly unsteady behavior of the jet and the resulting impinging tones is governed
by a feedback mechanism, between the instability waves in the jet that originate at the
nozzle and grow as they propagate downstream towards the impingement surface, and
the acoustic waves that are produced upon impingement which then travel upstream
and excite the nascent shear layer near the nozzle exit. The main source for the noise
generation of impinging jet is the impingement of the large scale vortical structure
which was formed by the evolution of the instability triggered by acoustic wave near
the nozzle. In this paper, we model the impingement of the large scale vortical
structure on the wall by viewing it as a head-on collision of two identical vortices.
Seen in Fig. B-36(b), the acoustic field of impinging vortex is composed of two acoustic
wave equations (i) a wave produced by impingement of jet travels directly toward the
nozzle exit, and (ii) the other bouncing from the wall which also travels toward the
nozzle. Similar to this, the acoustic field by the colliding vortices is the superposition
of two wave equations produced by each vortex in Fig. B-36 (a). If we assume that the
acoustic energy of bouncing wave is perfectly conserved while reflecting from the wall,
the colliding model is quite analogous to the impinging tone generation mechanism.
In the reference [24], the far field acoustic equation generated by the colliding
vortex is
cV 2 - t2 p = -pF(x, t) (4.5)
where
1a 2 ( 1 D s 1 . 1 v2 4
F(x,t) = V-L+---v +- -- S +- -V)-v - V .)+-V 2(V*v)
c2&t2  Ot cp Dt c2 at 2 c2 at 3
(4.6)
where L = w x v, s: entropy of the system.
This equation is obtained from the basic mass, momentum and energy conserva-
tion equation for a viscous fluid, where x = (Xl,x 2 ,X3 ), r = Jxl. Solving the equation
using Green function, the acoustic pressure wave p is expressed as
p(x, t) = c -- i'(t - r/c) + p 1K"(t - r/c) (4.7)
c2 r 15rc2 r
where
Q(t) = xi(x x w(x,t))jdx (4.8)1•t = 27r
and
K(t) = Jv2(x,t)dx. (4.9)
The properties p and c are the density and sound speed in the undisturbed medium.
The prime denotes differentiation with respect to time. The first term Qij(t) is
derived as Mhhring's quadrupole, and the second term is the monopole representing
the change in the total kinetic energy. When the vortices are far from each other,
they are inviscid and the kinetic energy (K) is conserved. As they come closer, the
viscous effect is not negligible and hence neither the kinetic energy nor the vorticity
is conserved. Taking advantage of the axisymmetric property (Qj = Q ) of circular
vortex-lines, the far-field acoustic pressure of equation 4.7 is reduced to the following
form
p(r, 9, t) = p -1 cos2o  ) Q "' (t - r/c) + 5c2K"(t - r/c), (4.10)4c2 r ( 3 15rc2 r
where r is the distance from the observation point to the center of vortex ring, 0 is
its polar angle from the z-axis seen in Fig. B-37 and the function Q(t) is defined by
Q(t) = f R2zwdRdz, (4.11)
where z, R are the axial and radial coordinate respectively in the cylindrical coordi-
nate system. The factor wdRdz in the equation (4.11) can be replaced by dF. Hence
the appropriate Q(t) form from N discrete vortices can be written as
NQ(t) = R ZiJr,, (4.12)
i=1
where Ri, Zi and FI are the radius, axial position and strength of the ith vortex
respectively.
As seen in Fig. B-37, the head-on collision case is composed of two identical circular
vortices whose common axis coincides with the z-axis with the same circulation but
opposite direction. Incorporating the property of R1 = R 2 - R, Z1 = -Z2 - Z(> 0),
-F 1 = F2  F(> 0), into the equation (4.12). We obtain
Q(t) = -2FR 2 Z, (4.13)
and the corresponding total kinetic energy K is represented as follows
K = F2R (ln 8R/6 - 7/4)- _r2( (Z, R). (4.14)
The trajectory of R and Z can be calculated from the following equation.
dZ F O8
dt= -Us + 47rR R (4.15)
dR F OdR r 04)(4.16)
dt 47rR OZ' (4.16)
where R,Z and F are defined above 4.13 and
,D(Z, R) = I(R; k) = R[(2/k - k)F(k) - (2/k)E(k)] (4.17)
with k = R/I/R 2 + Z 2 . The F(k) and E(k) in equation 4.15 are the complete
elliptic integral of the first and second kinds respectively.
F(k) = f 7r/2 d (k < 1), (4.18)
S1 1 -k 2 sin 2 2
E(k) =j/2 V1 - k2 sin 2 ,od (ki < 1), (4.19)
Us in the equation (4.15) represents the self-speed of a single vortex ring without
interaction
Us = i(ln R , (4.20)47rR J 4
where 6 is the effective size of the vortex core which is much less than the ring radius R.
As R changes, the core is assumed to satisfy the condition R62 = R0602. Considering
the viscous effect, the vortex strength F(t) is no more conserved and assumed to be
given by
F(t) = Foerf(Z/e), (4.21)
where
2(t) = (Ro/R)(E2 + 4vT),
T= a t exp 2 Z) di)s. (4.22)
Here E is the second core size which represents as in equation (4.21), while the first
core size 6 determines the kinematic motion of the vortex center. The impingement
model proposed in this paper can therefore be summarized thus: The pressure field is
given by Equation (4.10) where the functions K and Q are determined by equations
(4.15),(4.22).
The Fig. B-38 (a) is the pressure signal(pcycle) plot predicted from the equation
4.10 with respect to time. This plot is based on the data simulated at the same
position where microphone is located in experimental test which will be mentioned in
the next section in detail, h/d = 4, p = 1.23kg/m 3 and with the initial condition of
6o/Ro = 0.3. Alternately, the impinging tone data can be reconstructed by repeating
one cycle of pressure signal seen in the Fig. B-38 (a) to the most dominant frequency
(f) obtained from equation 4.1 with predicted integer M using the criterion mentioned
at the previous section.
00
Precont (t) = Pcycle (t - n/f) (4.23)
n=1
where Pcyde is the data obtained from the equation 4.10, f is the most dominant peak
frequency calculated from the equation 4.1, n is integer. The reconstructed data
presented in the Fig. B-38(b) is simulated at h/d = 4.0, f = 6048 Hz.
As mentioned in the introduction, the impingement model proposed in our earlier
work in reference [3] was accurate in its frequency prediction but poor in its amplitude
prediction. The experimental data from the impinging jet shows several distinct
peaks (Fig. B-34), at 6, 12, and 18 kHz. In this section, we have presented a model
which attributes the noise generation to creation of vortices that collide with the
ground. The simplest possible explanation for the peaks in Fig. B-34 using these
colliding vortices is to say that the high amplitude peaks at 6 kHz may be due to the
impingement of slow but strong vertical structures, whereas the low amplitude peaks
at 12 and 18 kHz may be caused by fast but weak vortices with the vortex intensity
given by (w = V x v). However, this is not necessarily the case but is instead due to
the impingement of a single vortical structure at the dominant frequency of 6 kHz.
As shown by the vortex-collision model in Equation (4.10) and Fig. B-38 (a), this
impingement causes a pressure time-trace that is not perfectly sinusoidal and hence
can produce peaks at multiple frequencies. Indeed this is corroborated by Fig. B-39
which contains the spectral plot of the predicted pressure from the collision model.
Several points should be made in reference of Fig. B-39. First of all, the frequency
content shows not only a dominant peak but also harmonics of the frequency which
was expected above. Secondly, similar to the experimental result, the amplitude of
each peak also tends to decrease at high frequency, which was not predicted by the
previous model [3]. Third, the amplitude of the peak matches to the value obtained
from experiment. However, the overall amplitude predicted is in general much less
than that of experiment data, which is due to the fact that we considered only the
impinging vortex as the noise generation source. In reality, the actual signal contains
broadband noise which is produced by mixing noise, edge tone and etc. Once we take
into consideration of these sound sources, we could obtain closer predictions to the
experiment.
4.3 A Reduced-order Feedback Model of the Im-
pinging Jet
In this section, we discuss the effect of low frequency pulsing and propose a reduced-
order feedback model of the impinging jet that captures these effects.
4.3.1 Identification of A Low Frequency Mode
As noted in the previous section 3.3.3, the amount of noise reduction was independent
of the input pulsing frequency in the range of 60 - 150 Hz, as shown in Fig. B-32.
However, in subsequent experiments, an additional noise reduction was possible by
pulsing at low frequencies around 20 Hz. In repeated trials (seen in Fig. B-40), an
additional 1 - 2 dB reduction was always achieved by low frequency pulsing injection.
This indicates the impinging jet flow has a global mode in this low frequency region.
This low frequency peak can also be observed in the spectral plot of uncontrolled
impinging jet noise, shown in Fig. B-41.
In almost all investigations of the impinging jets, the spectral plot of the uncon-
trolled impinging jet noise is distinguished by a dominant peak - 4.6 kHz which
corresponds to the impinging tone (shown in Fig. B-41.(b)). In the higher frequency
range (> 4.6 kHz), the harmonics of this impinging tone appear repeatedly since the
acoustic fluctuation is not a perfectly sinusoidal shape [11]. Fig. B-41 (a) which is
the spectral plot of low frequency band shows a moderate peak at - 16 Hz. The
plot (FFT size is 1024) was obtained using 20 seconds of microphone data with 2048
Hz sampling rate filtering through 8t h order elliptic low pass filter with 1 kHz cutoff
frequency. It is quite long period of data to identify the low frequency phenomenon,
and the corresponding resolution (which is 2 Hz) is accurate enough to capture the
low frequency mode. In addition to the spectral plot, several other evidences also
support the existence of low frequency mode. For example, the appearance of low
frequency mode depends on the FFT bin size. Fig. B-42 is the spectral plots of pres-
sure and acoustic signals measured from several positions for different sampling rate.
At the high sampling case (70 kHz), the resolution of the spectrum is too high (68.3
Hz) to capture the low frequency mode (- 16 Hz), whereas the low frequency mode
is clearly shown in the spectral plot at the high resolution result. Moreover, peaks
in the low frequency region are commonly observed in other data measured from the
microphone, unsteady pressure fluctuation of ground and lift plate respectively in
Fig. B-44. On the other hands, we do not have the low frequency mode in the tare
conditions. The background noise is compared with the actual signal to check the
possible noise induced by other electric devices such as motor and power generator.
In Fig. B3-39, the blue line represents the unsteady pressure signal captured from the
ground Kulite while primary jet is impinging on the ground. The red line represents
the pure noise collected from the same sensor (ground Kulite) without impinging
jet operation. The noise includes possible interference from pulsed microjets, motor,
compressor and power generator. Seen in Fig. B-43, we can confirm that there is no
distinct peak at the range of 16 Hz. But, another peak is also identified at - 60 Hz,
which is thought to be generated from other experimental devices. The above results
prove that the low frequency peak is not due to experimental errors but a meaningful
mode that should be considered for model construction. In the following section, we
model both the dominant (Rossiter) mode at a high frequency, and the low-frequency
mode. The possible mechanism of the low frequency mode will be investigated in the
following section in detail.
4.3.2 A Reduced-Order Model
At the region near the nozzle exit, the evolution of shear layer instability Pshear to
a large scale vortical structure can be modeled using a linear stability theory with
hyperbolic velocity profile of main jet. But the determination of transfer function
from the shear layer instability Pshear to impinging tone of the ground plane Pground
based on the underlying physics is far too difficult to build as proposed in the equation
4.5 at the previous section 4.2. This is primarily due to the fact that the acoustic noise
on the ground is produced by the process of the vortex annihilation while impinging
on the ground [11], which is a very nonlinear phenomenon. We therefore use an
alternate, reduced-order, modeling approach using input-output relationships. This
model, shown in Fig. B-45, consists of a forward loop and a feedback loop. The
forward loop represents the transfer function from Pshea•r to Pground where Pshear is
pressure fluctuation of shear layer at the nozzle exit and Pground is the acoustic noise
on the ground plane. Our goal is to retain the amplitudes at two most dominant
frequencies, one being the largest peak at a Rossiter mode, and the second being a
low frequency peak, we choose the transfer function Gshear(S) to be of the form
Nmode Ki
G shear(S) = se 2i+ (4.24)
i=1S2+ 2(iws w
where the (i is the damping ratio, the wi is the natural frequency, and Ki is the
amplitude of the i t h mode, respectively. Nmode is the number of dominant modes
in underlying system, which, in this case, is two. The delay Ta = h/C, represents
the convective time-delay between the nozzle and the ground. The feedback loop is
represented by the pure time-delay transfer function e-sTb where Tb = h/Ca is the
time taken for the reflected acoustic wave to travel from the ground to the nozzle exit,
which in turn excites the shear-layer. The transfer function Gshear(S) represents the
dominant effects of the shear-layer, and is described in more detail below. The noise
input N represents all other input excitation that exist at other frequencies including
broad band noise effects. This results in a closed-loop transfer function of the form
closeda ) Gshear(s)e- STb(4.25)Gclosd( s) = 1 - Gshear(S)e - (Ta+Tb) (4.25)
Using these two dominant modes whose natural frequencies are 16 Hz and 4.6
kHz, the model of impinging tone system was built and compared to the experimental
data seen in Fig. B-46 (a). The blue lined indicated above is the microphone data
measurements and the red line represent acoustic data produced by a model. The
part that is not modeled, which is in the range of between 50 and 500 Hz is due to the
broadband noise. Because it is a purely aeroacoustic phenomena, we can exclude its
effects in consideration of the impinging tone mechanism, and is represented through
the external input N. It should be noted that a feedback model similar to that
suggested in Fig. B-45 was introduced in Rowley et al. [49] in the context of cavity
tones.
4.3.3 Effect of Pulsed Microjet-Control
The most immediate effect of the pulsed microjets is the alteration of the pressure
Pshear in the immediate vicinity of the nozzle. The impact of these microjets is the
reduction of the peak amplitude at 4.6 kHz, as shown in Fig. B-46 (a) and (c). Such
a reduction is possible only through one of two effects, one of which is via damping,
while the other is via a reduction of the input excitation at this frequency. The
former case requires the introduction of an input at the same frequency but with
a different phase, an evidence of which was not available in the impinging jet. We
therefore model the effects of the pulsed microjet-control via an alternation of the
input excitation, and is represented via a transfer function Gf(s) in Fig. B-47. This
transfer function is chosen as
Gs) Zi (s)
ZG( (s) = S) (4.26)Z2 (S)
where the polynomials Z1 and Z2 are such that they result in a redistribution of
the input energy. As shown in Fig. B-46 (d) and (f), the uncontrolled system produces
an input excitation which has a large amplitude at the impinging frequency of 4.6
kHz. Relatively speaking, with a pulsed microjet, the input, which is now modified
due to the presence of the pulsed microjet action, has a much smaller amplitude at
the same frequency. It should also be noted that the pulsed microjet increases the
inpu t amplitude at the lower frequency. However, due to the fact that the overall
flow field is such that the lower frequency has a much higher damping, the pressure
response at this frequency is not increased despite the increase at the input. This
could be the reason for the effective noise reduction due to the pulsed microjet.
For comparison, the effect of a steady microjet is also modeled using the same
transfer functions, the results of which are illustrated in Fig. B-46 (b) and (e). A
comparison of Fig. B-46 (d), (e), and (f) shows two facts; first, the same input-
shaping effect as in the pulsed microjet is exhibited in the steady microjet in that
the input-excitation at the higher frequency is lowered and is increased at the lower
frequency. However, this shaping is not as effective as in the pulsed case; compared
to the pulsed case, the excitation at the higher frequency is decreased to a smaller
extent. This in turn could be the reason why the corresponding noise reduction in
the steady microjet case is smaller.
4.3.4 Low Frequency Mode: A Possible Mechanism
The high frequency mode corresponding to 4.6 kHz is produced by impingement of a
large scale vortical structure on the ground. It is a well known mode as predicted by
many researchers such as Rossiter [47], Neuwerth [36] and Powell [41] in the context
of feedback mechanism. However, the presence of low frequency mode (16 Hz) has not
been reported hitherto in any investigations. The question then is raised as to what
the possible mechanisms are that are responsible for such a low frequency behavior.
In the cavity test by Kegerise et al. [26], a low frequency mode was reported to
be present without any distinct physical noise source. For example, it is argued that
two Rossiter modes fa,fb may produce another peak which corresponds to the sum
(fa + fb) or difference (fa - fb) of these frequencies when the nonlinear interaction
between Rossiter modes are prominent. Such a nonlinear interaction may not be the
mechanism of the low frequency mode in this problem because the Rossiter modes of
the impinging jet under consideration are at a fairly high frequency (fa = 4.6 kHz,
fb = 6.1 kHz) and hence both the sum and difference of the two are far greater than
the low frequency mode of 16 Hz. Moreover, the spectral plots of experimental data
shown in Fig. B-46 (a) - (c) indicates that the peaks in the higher frequency region
are quite harmonic, which also implies that the nonlinear interaction between Rossiter
modes may be fairly weak.
The flapping (/or helical) motion of the impinging jet column is another possible
mechanism of low frequency phenomena. Flapping mode of a plane jet (/ helical mode
of axisymnmetric jet) has a relatively slow motion compared to the feedback loop, but
the exact frequency of this mode is unknown. Previous research [11] indicates that
the uncontrolled flow structure is dominated by helical mode at h/d = 3.5, Ma =
1.5, which supports the helical motion as a possible noise mechanism. However,
in the repeated experiments, the helical structure is found to be switched to the
axisymmetric mode once microjets are activated. If the helical motion is the primary
source of low frequency phenomenon, the frequency content of the controlled flow
should nriot have the low frequency peak. In fact, low frequency mode in spectral plot
in Fig. B13-46 (a) - (c) remains unchanged even in the presence of pulsed injection
controls the impinging jet. Hence, we can conclude that flapping motion cannot be
the possible mechanism of low frequency mode.
We can also attribute the low frequency phenomenon to the structural mode.
The vibration of structure could interfere flow field, which, in turn, generate the
specific mode recorded as low frequency tone in acoustic data. Seen in Fig. B-48,
analysis using simple model calculates the resonance frequency (- 1 kHz) which is
far higher than the low frequency mode. Because this analysis is too coarse, it is
not a sufficient evidence to exclude structural mode from low frequency phenomenon.
To investigate the structural mode more accurately, empirical tests based on impact
response were tried using Kulite sensor. In fact, the Kulite is designed to capture
pressure fluctuation on the ground plane, but it is thought to be able to measure
structural vibration due to its sensitivity.
Fig. B-49 shows the flow frequency content in the range of (< 104 ) Hz. However,
the low frequency content for impact response is almost identical to the reference
signal of the situation without any impact. The impact response for different sam-
pling rate also show similar trend to reference signals, which implies that Kulite, the
unsteady pressure transducer, may not be appropriate sensor for capturing struc-
tural vibration. For accurate measurement of structural mode, motion sensor such as
accelometer is required.
As mentioned at the beginning, the low frequency mode exists in all measurements
including acoustic data, unsteady pressure signal of ground and lift. Due to this fact,
we can assume that the noise source of the low frequency mode is perhaps located on
the ground, and generates acoustic waves that travel toward the lift plate. Hence, a
closer investigation of the flow field near the impinging region may be called for.
Using a flow visualization with Particle Image Velocimetry (PIV) technique, the
normalized vorticity field was determined and is shown in Fig. B-54. At the center of
impinging zone, we can clearly see a pair of vorticity field which is counter directional
to that of main jet. In addition to the vorticity field (Fig. B-54), the stagnation bubble
near the impinging region is identified in turbulence intensity fields (Fig. B-55, B-
56), turbulent kinetic energy field (Fig. B-57), and Reynolds stress plot (Fig. B-58).
This local vorticity field is produced by the stagnation bubble which is formed by
the recirculating flow at the center of impinging region, therefore its presence can be
easily identified in the voriticity field. In Fig. B-50, the stagnation bubble is formed
by interaction of three different shocks (plate, jet and tail shock), and enclose a region
of recirculating fluid with relatively low velocities [1]. Moreover, the bubble is very
prominent for an underexpanded impinging jet, and very weak for an overexpanded
jet. Because the nozzle was planned to be operating under ideally expanded condition,
we cannot expect the strong formation of stagnation bubble. However, the bubble of
ideally expanded jet experiences breathing with very low frequency, which is thought
to be the low frequency mode in the frequency spectrum.
This stagnation bubble can be the possible noise source because the properties of
the bubble satisfies some characteristics in acoustic measurements: (i) the pulsation
of this bubble is relatively weak compared to the impingement of vortical structure
and hence, the corresponding low frequency peak is much smaller than the high
frequency peak, and (ii) the bubble still stays at the center while microjet actuation
is applied and hence the low frequency mode doesn't change while control is on. We
therefore speculate that the periodic formation of the stagnation bubble is a possible
mechanism of low frequency mode. More careful investigations need to be carried out
to confirm it.
Chapter 5
Conclusion
Control of flow noise is extremely important in vehicle propulsion from the points of
view of stealth, enhanced lift, and reduced unsteadiness. In this thesis, the problem
of noise control of impinging jets was considered using a microjet-array installed
along the periphery of the jet-nozzle. Prior investigations revealed that open loop
control strategies, where the microjets were fired in a steady manner, were effective
in suppressing the jet noise both in the cold and hot jet cases, but was very sensitive
to nozzle operating conditions such as the height of the impinging jet from the ground.
This provided the motivation for the approach suggested in this thesis, which concerns
the active control of supersonic impinging jets. In order to achieve consistent noise
reduction for various operating conditions, the first active control method suggested
in this thesis uses the 'Proper Orthogonal Decomposition' methods. POD determines
the most energetic mode of unsteady load near the nozzle exit along the azimuthal
direction. By matching the microjet-array's intensity proportional to this mode, it
was able to suppress the dominant mode effectively, and achieve an additional 8
10 dB reduction to the open loop control strategy for certain heights. However, the
'mode-matched control' strategy also demonstrated nonuniform noise reduction as
the height was varied.
The second control method suggested uses a pulsed microjet actuator. Under the
same flow rate, the unsteady jet injection that results from such a pulsing action can
provide higher momentum than steady injection. As a result, it produces a more
significant impact on the shear layer of the main jet. The pulsing was realized by way
of a saw-toothed rotating cap that was incorporated in the lift plate and spinning it
so that the saw-tooth periodically blocks and unblocks the microjet flow. Using this
method, we were able to pulse the microjet flow up to several hundred Hz.
Systematic experiments showed that the performance of pulsed microjet depends
on several parameters. Among these, it was observed that variations in the duty-
cycle and pulsing frequency of the pulsing led to a maximum impact. A pulsed
microjet with a duty cycle of about 43% achieved the same amount of reduction as
a steady microjet with comparable plenum pressure. A pulsed microjet with a duty
cycle of about 70% duty cycle led to a much higher overall reduction, and completely
destroyed the distinct impinging tones at almost all heights, which is confirmed by
acoustic data together with flow visualization too. Moreover, it was also found that
low frequency pulsing injection at around 16Hz found to be causing additional 1 - 2
dB reduction, which was due to the presence of low frequency mode in the impinging
flow field.
In the later part of the thesis, a physical model of impinging tone system is sug-
gested to understand the role of microjet and to search for the optimal strategy
using given control parameters. As a first step, a colliding vortex model is sug-
gested. The acoustic field produced by a colliding vortex is very similar to impinging
tones since the head-on collision of two identical vortices experiences a similar an-
nihilation process to that of impinging tones. This model successfully predicts the
major characteristics of experimental result such as (i) both the dominant peak and
its harmonics, (ii) decreasing amplitude at higher frequency, (iii) peak amplitude at
dominant frequency.
To enable the development of real-time control, the governing equations of the
colliding vortex model is not adequate due to their complexity and nonlinearity. In-
stead, a reduced-order model with two lumped-parameters was derived based on a low
frequency mode (16 Hz) and high frequency Rossitor mode (4.6 kHz). Here, the effect
of the rotating cap was included in the form of an input-shaping controller. It was
shown that the pulsed microjet control accomplishes noise reduction by extracting
energy from the high frequency region to the low frequencies. A possible mechanism
that causes low frequency mode is attributed to a stagnation bubble which was pe-
riodically observed in vorticity plot of flow visualization (PIV) to form at the center
of the impinging region of the jet.
Appendix A
Tables
Table A.1: The energy content of the first four modes at each height (NPR=3.7, 200
injection). Experiment of the reference [31].
h/d Model Mode2 Mode3 Mode4
2.0 0.4615 0.2488 0.1785 0.1111
3.0 0.5515 0.2745 0.1144 0.0597
4.0 0.8609 0.0691 0.0443 0.0257
4.5 0.8836 0.0517 0.0389 0.0258
5.0 0.8736 0.0757 0.0314 0.0194
Table A.2: The energy content of the first four modes at each height (NPR=3.7, 30'
injection).
h/d Model Mode2 Mode3 Mode4
3.0 0.5796 0.1750 0.1359 0.1095
3.5 0.7800 0.1526 0.0371 0.0303
4.0 0.8262 0.0700 0.0563 0.0475
4.5 0.8060 0.1005 0.0679 0.0257
5.0 0.8114 0.1038 0.0552 0.0297
6.0 0.8096 0.0938 0.0506 0.0461
Table A.3: The formation number (Nf) corresponding M at each height (h/d) condi-
tion
M=1 2 3 4 5 6 7
h/d = 3.0 10.500 5.250 3.500 2.625 2.100 1.750 1.500
4.0 14.000 7.000 4.667 3.500 2.800 2.333 2.000
4.5 15.750 7.875 5.250 3.938 3.150 2.625 2.250
5.0 17.500 8.750 5.833 4.375 3.500 2.917 2.500
6.0 21.000 10.500 7.000 5.250 4.200 3.500 3.000
A.4: The frequency (f) corresponding formation number(Nf)
condition. * denotes the value closest to experimental data
at each height
M = 1 2 3 4 5 6 7
h/d = 3.0 1916.01 3832.02 5748.03* 7664.04 9580.05 11496.06 13412.07
4.0 1437.01 2874.02 4311.02 5748.03* 7185.04 8622.05 10059.06
4.5 1277.34 2554.68 3832.02 5109.36 6386.70* 7664.04 8941.38
5.0 1149.61 2299.21 3448.82 4598.43 5748.03* 6897.64 8047.24
6.0 958.00 1916.01 2874.02 3832.02 4790.03 5748.03* 6706.04
Table
(h/d)
Table A.5: Specification of high speed valve
Vendor CleanAirPower
Valve Speed < 200Hz
(SP-051) Q (@100psi) 115 SLPM
Precision ± 25 yI sec
Supply Pressure < 300 psi
Driver Response Time Opening Closing
(SD-1) 3 msec 2 msec
Mics. 1.6 Q / 12V(DC)
Appendix B
Figures
Acoustic waves
Figure B-1: Schematic diagram of an impinging jet and possible feedback path.
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Figure B-2: Overall Sound Pressure Level measurement,115 psia supply pressure and
200 microjet injection angle.
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Figure B-5: Schematics of PIV system
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Figure B-6: Instantaneous shadowgraph images [2], NPR = 3.7 and hid = 4.5: (a)
no control and (b) with microjet control.
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Figure B-7: Unsteady pressure and microphone spectra with and without control [2];
NPR = 3.7, h/d = 4.5. (a) ground plane, (b) lift plate, (c) microphone
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Figure B-8: Near-field noise measurements with and without microjet control (a) cold
impinging jet, (b)hot impinging jet
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Figure B-9: Effect of microjet control on hot and cold impinging jets
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Figure B-10: Experimental result with 20' microjet injection [31] (a) The first mode
shape and suggested microjet pressure distribution for each height. h is the height
of the lift plate from ground (b) Overall sound pressure levels (OASPL) for different
control (NPR = 3.7).
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Figure B-11: Experimental result with a 30' microjet injection. Overall sound pres-
sure levels (OASPL) for different control (NPR = 3.7).
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Figure B-12: Schematic diagram of high speed valve assembly
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Figure B-13: Flow modulation measurement without adaptor
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Figure B-14: Flow modulation measurement with adaptor
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Figure B-15: Experimental result with a 300 microjet injection. (a) Phase difference
between the six kulites corresponding to the dominant frequency (b) The first POD
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Figure B-16: Conceptual diagram for rotating cap actuator.
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Figure B-17: Rotating cap design.
Figure B-18: Assembled feature of lift plate and nozzle.
Figure B-19: Experimental setup installed with lift plate.
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Figure B-20: Performance of collocated rotating cap actuator; Total pressure data in
time series (a) Case of steadily injecting microjet (b) Case of pulsing microjet at the
speed of 304.74Hz (c) Power Spectra plot of pulsing microjet.
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Figure B-21: Modification of duty cycle by changing hole size.
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Figure B-22: Concept of pulsing with phase difference (a) Configuration of lift plate
and rotating cap (b) Microjet pulsing in the consecutive stages.
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Figure B-24: (a) Rotating cap design in reference [22], (b) Collocated rotating cap
used in this paper
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Figure B-25: Experimental result using synchronous pulsing scheme
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Figure B-26: Axial mean velocity field, h/d = 3.5, (a) No control, (b) Steady injection
with rh = 0.8 Arloo and Psupply = 77 psig, (c) Pulsing at fptulsing = 121.9 Hz, rh = 0.45
Ahloo and Pupply = 77 psig, (d) Pulsing at fpulsing = 121.9 Hz, rh = 0.76 rhloo and
Pupply = 140 psig where rhloo is microjet's mass flow rate under Pspply = 100 psig,
de = 56%
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Figure B-27: Axial mean velocity field, h/d = 4.0, (a) No control, (b) Steady injection
with rh = 0.8 rhloo and Ppply = 77 psig, (c) Pulsing at fpuIsing = 121.9 Hz, rh = 0.45
rhloo and Pppy = 77 psig, (d) Pulsing at fpulsing = 121.9 Hz, rh = 0.76 rhloo and
Pppy = 140 psig where Ahloo is microjet's mass flow rate under P pp~ y = 100 psig,
dc = 56%
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Figure B-28: Axial turbulence intensity field, h/d = 3.5, (a) No control, (b) Steady
injection with rh = 0.8 rhloo and Psply = 77 psig, (c) Pulsing at fpulsing = 121.9 Hz,
rh = 0.45 rhloo and Pspply = 77 psig, (d) Pulsing at fplsing = 121.9 Hz, rh = 0.76
rAloo00 and Ppply, = 140 psig where rAhloo is microjet's mass flow rate under Psupply =
100 psig, d, = 56%
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Figure B-29: Axial turbulence intensity field, h/d = 4.0, (a) No control, (b) Steady
injection with rh = 0.8 rhloo and Pspply = 77 psig, (c) Pulsing at fpulsing = 121.9 Hz,
rh = 0.45 rhloo and P #pply = 77 psig, (d) Pulsing at fpulsing = 121.9 Hz, rh = 0.76
rhloo and Psupply = 140 psig where rhloo00 is microjet's mass flow rate under Pspply =
100 psig, d, = 56%
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Figure B-30: Noise reduction for different mass flow rate rh, ri 100: steady mass flow
rate under 100 psig supply pressure (x axis represents normalized mass flow rate
(rh/rhloo0 ), y axis denotes noise reduction in dB scale)
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Figure B-31: Noise reduction for different duty cycles, mloo: steady mass flow rate
under 100 psig supply pressure (x axis represents h/d, y axis denotes noise reduction
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Figure B-32: Noise reduction for different pulsing frequencies, d, = 43 % (x axis
represents pulsing frequency, y axis denotes noise reduction in dB scale)
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Figure B-33: (a) Flow of pulsing with different phase (b) Implementation of pulsing
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Figure B-34: Frequency content at h/d = 6.0, measured by pressure transducer near
the nozzle exit using STOVL facility of FRML in FSU
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Figure B-35: Experimental schematics of reference [19]
Figure B-36: Acoustic field generated by (a) Head-on collision of two identical vortices
and (b) Vortex impinging on the wall
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Figure B-37: Diagram of colliding vortices
t (sec) t (sec) ,o
Figure B-38: The time series of the acoustic pressure (a) Produced by head-on colli-
sion of two identical vortices Pcydcle, (b) Reconstructed repeating head-on collision data,
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Figure B-39: The frequency content of experimental result and prediction. h/d = 4.0
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Figure B-40: Noise reduction for different pulsing frequencies, d, = 56%, hid = 3.5
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Figure B-42: Spectral plot of unsteady pressure and acoustic signal measured at
different sampling rate
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Figure B-44: Spectral plot of (a) Unsteady pressure on the ground plane (b) Un-
steady pressure on the lift plate (c) Acoustic noise of microphone. (d) Acoustic noise
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Figure B-45: Block diagram of feedback loop for uncontrolled impinging jet
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Figure B-47: Block diagram of feedback loop for controlled impinging jet by low speed
pulsing
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Figure B-50: Schematics of impinging region. [1]
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Figure B-51: Axial mean velocity, h/d = 3.5
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Figure B-52: Axial mean velocity in the impinging region, h/d = 3.5
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Figure B-53: Radial mean velocity, h/d = 3.5
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Figure B-54: Vorticity field, h/d = 3.5
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Figure B-55: Axial turbulence intensity field, h/d = 3.5
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Figure B-56: Radial turbulence intensity field, h/d = 3.5
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Figure B-57: Turbulent kinetic energy, h/d = 3.5
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Figure B-58: Reynolds stress, h/d = 3.5
103
Bibliography
[1] F. S. Alvi and K. Iyer. Mean and unsteady flowfield properties of supersonic
impinging jets with lift plate. AIAA Paper, (99-1829), 1999.
[2] F. S. Alvi, C. Shih, R. Elavarasan, G. Garg, and A. Krothapalli. Control of super-
sonic impinging jet flows using supersonic microjet. AIAA Journal, 41(7):1347-
1355, 2003.
[3] A. M. Annaswamy, J. Choi, and D. Sahoo. Active-adaptive control of acoustic
resonances in supersonic impinging jets. Technical Report 2003-3565,, AIAA
paper, 2003.
[4] A. M. Annaswamy, M. Fleifil, J. W. Rumsey, R. Prasanth, J. P. Hathout, and
A. F. Ghoniem. Thermoacoustic instability: model-based optimal control designs
and experimental validation. IEEE Transactions on Control Systems Technology,
8(6):905-918, 2000.
[5] R. E. A. Arndt, D. F. Long, and M. N. Glauser. The proper orthogonal decom-
position of pressure fluctuations surrounding a turbulent jet. Journal of Fluid
Mechanics, 340:1-33, 1997.
[6] P. Bakewell and J. L. Lumley. Viscous sublayer and adjacent wall region in
turbulent pipe flow. Physics of Fluids, 10:1880-1889, 1967.
[7] P. W. Carpenter and A. D. Garrad. The hydrodynamic stability of flow over
kramer-type compliant surfaces. part 1. tollmien-schlichting instabilities. J. Fluid
Mech., 155, 1985.
104
[8] L. Cattafesta, F. Alvi, D. Williams, and C. Rowley. Review of active control
of flow-induced cavity oscillations. Technical Report 2003-3567, AIAA Paper,
2003.
[9] H. Choi, P. Moin, and J. Kim. On the effects of riblets in fully developed laminar
channel flows. Physics Fluids A, 3, 1991.
[10] J. Choi, A. M. Annaswamy, F. S. Alvi, and H. Lou. Active control of supersonicm
impingingement tones using steady and pulsed microjets. Proceeding Experiments
in Fluids, 2006.
[11] J. Choi, D. Wee, Annaswamy A. M., and F. S. Alvi. Acive noise control of
supersonic impinging jets using pulsed microjets. AIAA Paper, (2005-0798),
2005.
[12] K. M. Cipolla, A. Liakopoulos, and D. O. Rockwell. Quantitative imaging in
proper orthogonal decomposition of flow past a delta wing. AIAA Journal,
36(7):1247-1255, 1998.
[13] J. H. Citriniti and W. K. George. Reconstruction of the global velocity field
in the axisymmetric mixing layer utilizing the proper orthogonal decomposition.
Journal of Fluid Mechanics, 418:137-166, 2000.
[14] J. Delville, L. Ukeiley, L. Cordier, J. P. Bonnet, and M. Glauser. Examination of
large-scale structures in a turbulent plane mixing layer. part 1. proper orthogonal
decomposition. Journal of Fluid Mechanics, 391:91-122, 1999.
[15] R. C. DiPriman and H. L. Swinney. Instabilities and transition in flow between
concentric rotating cylinders. Hydrodynamic Instabilities and the Transition to
Turbulence, pages 139-180, 1985.
[16] R. Elavarasan, A. Krothapalli, L. Venkatakrishnan, and L. Lourenco. Suppres-
sion of self-sustained oscillations in a supersonic impinging jet. AIAA Journal,
39(12):2366-2373, 2002.
105
[17] M. E. Erengil and D. S. Dolling. Effects of sweepback on unsteady separation in
mach 5 compression ramp interactions. AIAA Journal, 31(2):302-311, 1993.
[18] M. Gad-el Hak and A. Pollard. Flow control : fundamentals and practices.
Lecture notes in physics. New series m, Monographs, m53. Springer, 1998.
[19] M. Gharib, E. Rambod, and K. Shariff. A universal time scale for vortex ring
formation. Journal of Fluid Mechanics, 360:121-140, 1998.
[20] D. R. Glass. Effect of acoustic feedback on the spread and decay of supersonic
jets. AIAA Journal, 6(10):1890-1897, 1968.
[21] P. Holmes, J. L. Lumley, and G. Berkooz. Turbulence, coherent structures, dy-
namical systems and symmetry. Cambridge University Press, 1996.
[22] M. K. Ibrahim, R. Kunimura, and Y. Nakamura. Mixing enhancement of
compressible jets by using unsteady microjets as actuators. AIAA Journal,
40(4):681-688, 2002.
[23] T. Kambe and T.Minota. Sound radiation from vortex systems. Journal of sound
vibration, 74, 1981.
[24] T. Kambe and T.Minota. Acoustic wave radiated by head-on collision of two
vortex rings. Proc. R. Soc. Lond., 386:277-308, 1983.
[25] J. Kastner and M. Samimy. Effects of forcing frequency on the control of an
impinging high-speed jet. Technical Report 2003-0006, AIAA Paper, 2003.
[26] M. A. Kegerise, E. F. Spina, G. Sanjay, and L. N. Cattafesta III. Mode-switching
and nonlinear effects in compressible flow over a cavity. Physics of Fluids,
16(3):678-687, 2004.
[27] J. M. Kendall. The turbulent boundary layer over a wall with progressive surface
waves. J. Fluid Mech., 41, 1970.
106
[28] A. Krothapalli, E. Rajakuperan, F. S. Alvi, and L. Lourenco. Flow field and
noise characteristics of a supersonic impinging jet. Journal of Fluid Mechanics,
392:155-181, 1999.
[29] M. J. Lighthill. On sound generated aerodynamically. i. general theory. Technical
report, 1952.
[30] H. Lou. Control of supersonic impinging jets using microjets. PhD thesis, Florida
State University, 2005.
[31] H. Lou, F. S. Alvi, C. Shih, J. Choi, and A. M. Annaswamy. Flowfield properties
of supersonic impinging jets with active control. Technical Report 2002-2728,
AIAA Paper, 2002.
[32] L. M. Lourenco and A. Krothapalli. Mesh-free second order accurate algorithm
for piv processing. Technical report, Proc. Intl Conf. On Optical Technology and
Image Processing in Fluid, Thermal and Combustion Flows, Yokohama, Japan,
1998.
[33] X. Ma, G. S. Karamanos, and G.E. Karniadakis. Dynamics and low-
dimensionality of a turbulent near wake. Journal of Fluid Mechanics, 410:29-65,
2000.
[34] W. Mbhring. On vortex sound at low mach number. Journal of Fluid Mechanics,
85:685-691, 1978.
[35] J. W. Naughton, L. N. Cattafesta, and G. S. Settles. An experimental study
of compressible turbulent mixing enhancement in swirling jets. J. Fluid Mech.,
330, 1997.
[36] G. Neuwerth. Acoustic feedback of subsonic and supersonic free jet which im-
pinges on an obstacle. F-15719, NASA TT, 1974.
[37] A. Newman. Model reduction via the karhunen-loeve expansion. technical re-
search report, t. r. Technical Report 96-32, 96-33, Institute for Systems Research,
University of Maryland, Maryland, USA, 1996.
107
[38] B. Nishri and I. Wygnanski. On flow separation and its control. Technical report,
ECOMASS, 1996.
[39] F. Obermeier. Berechnung aerodynamisch erzeugter shallfelder mittels der meth-
ode der matched asymptotic expansions,. Acoustica, 18, 1967.
[40] L. J. Poldervaart, A. P. J. Wijnands, van Moll L. H. A. M., and van Voorthuisen
E. J. Modes of vibration. Audio-Visueel Cent. Eindhoven Univ. Tech., The
Netherlands, 1974.
[41] A. Powell. On edge tones and associated phenomena. Acoustica, 3:233-243, 1953.
[42] A. Powell. Theory of vortex sound. Journal of Acoustic Society of America, 36,
1964.
[43] G. Raman and V. Kibens. Active flow control using integrated powered resonance
tube actuators. Technical Report 2001-3024, AIAA Paper, 2001.
[44] H. L. Reed and W. S. Saric. Stability and transition of three-dimensional flow.
Technical Report 457-468, Proc. 10th U.S. Nat. Cong. Applied Mech., (ASME,
New York), 1987.
[45] H. L. Reed and W. S. Saric. Stability and transition of three-dimensional bound-
ary layers. Ann. Rev. Fluid Mech., 21, 1989.
[46] D. Rempfe. On the structure of dynamical systems describing the evolution of
coherent structures in a convective boundary layer. Physics of Fluids, 6:1402-
1404, 1994.
[47] J. E. Rossiter. Wind-tunnel experiments on the flow over rectangular cavities at
subsonic and transonic speeds. Technical Report 3438, Aeronautical Research
Council Report and Memo, 1964.
[48] C. W. Rowley, T. Colonius, and R. M. Murray. Pod based models of self-sustained
oscillations in the flow past an open cavity. Technical Report 2000-1969, AIAA
Paper, 2000.
108
[49] C. W. Rowley, D. R. Wilianms, T. Colonius, R.M. Murray, D.G. MacMartin, and
D. Fabris. Model-based control of cavity oscillatios, part ii: System identification
and analysis. AIAA Paper, (2002-0972), 2002.
[50] C. W. Rowley, D. R. Williams, T. Colonius, R. M. Murray, D. G. MacMartin,
and D. Fabris. Model-based control of cavity oscillations. ii - system identification
and analysis. 2002-0972, AIAA paper, 2002.
[51] M. Sheplak and E. F. Spina. Control of high-speed impinging-jet resonance.
AL4AA Journal, 32(8):1583-1588, 1994.
[52] C. Shih, F. S. Alvi, and D. Washington. Effects of counterflow on the aeroacoustic
properties of a supersonic jet. Journal of Aircraft, 36(2):451-457, 1999.
[53] N. Sinha, S. Arunajatesan, and J. M. Seiner. Computational and experimen-
tal investigations of cavity attenuation using high frequency control. Technical
Report 2002-2403, AIAA Paper, 2002.
[54] L. Sirovich and J. D. Rodriguez. Coherent structures and chaos: A model prob-
lem. Physics Letters A, 120(5):211-214, 1987.
[55] M. J. Stanek, G. Raman, J. A. Ross, J. Odedra, J. Peto, F. S. Alvi, and
V. Kibens. High frequency acoustic suppression - the role of mass flow & the
notion of superposition. Technical Report 2002-2404, AIAA Paper, 2002.
[56] M. J. Stanek, N. Sinha, J. M. Seiner, B. Pearce, and M. T. Jones. Applying
very high frequency excitation to the problem of tactical directed energy beam
propagation. Technical Report 2002-2272, AIAA Paper, 2002.
[57] J. P. Stone and Mckinzie D. J. Acoustic excitation - a promising new means of
controlling shear layers. Technical Report 83772, NASA Technical Memorandum,
1984.
[58] C. K. W. Tam and K. K. Ahujae. Theoretical model of discrete tone generation
by impinging jets. J. Fluid Mech., 214:67-87, 1990.
109
[59] D. Tang, D. Kholodar, J. Juang, and E. H. Dowell. System identification and
proper orthogonal decomposition method applied to unsteady aerodynamics.
AIAA Journal, 39(8):1569-1576, 2001.
[60] L. S. Ukeiley and N. Murray. Velocity and surface pressure measurements in an
open cavity. Experiments in Fluids, 38:656-671, 2005.
[61] O. Unalmis, N. Clemens, and D. Dolling. Experimental study of shear-
layer/acoustics coupling in mach 5 cavity flow. AIAA Journal, 39(2):242-252,
2001.
[62] J. M. Wiltse and A. Glezer. Direct excitation of small-scale motions in free shear
flows. Physics of fluids, 10:2026-2036, 1998.
110
